Failure in closure of the anterior neural tube causes left isomerization of the zebrafish epithalamus  by Lu, Po-Nien et al.
Developmental Biology 374 (2013) 333–344Contents lists available at SciVerse ScienceDirectDevelopmental Biology0012-16
http://d
* Corr
E-mjournal homepage: www.elsevier.com/locate/developmentalbiologyFailure in closure of the anterior neural tube causes left isomerization
of the zebraﬁsh epithalamusPo-Nien Lu a,c, Caroline Lund a, Sataree Khuansuwan b, Adelle Schumann a, Marijah Harney-Tolo a,
Joshua T. Gamse b, Jennifer O. Liang a,*
a Department of Biology, University of Minnesota Duluth, 1035 Kirby Drive, Duluth, MN 55812, USA
b Department of Biological Sciences, Vanderbilt University, VU Station B, Box 35-1634, Nashville, TN 37235-1634, USA
c Department of Biology, Case Western Reserve University, 10900 Euclid Avenue, Cleveland, OH 44106, USAa r t i c l e i n f o
Article history:
Received 4 October 2011
Received in revised form
26 October 2012
Accepted 21 November 2012
Available online 29 November 2012
Keywords:
Left–right asymmetry
Zebraﬁsh
Epithalamus
Neural tube defects
Pineal gland
Habenula nuclei06/$ - see front matter & 2012 Elsevier Inc. A
x.doi.org/10.1016/j.ydbio.2012.11.025
esponding author. Fax: þ1 218 726 8142.
ail address: joliang@d.umn.edu (J.O. Liang).a b s t r a c t
Differences between the left and right sides of the brain are present in many animal species. For instance, in
humans the left cerebral hemisphere is largely responsible for language and tool use and the right for
processing spatial information. Zebraﬁsh have prominent left–right asymmetries in their epithalamus that
have been associated with differential left and right eye use and navigational behavior. In wild-type (WT)
zebraﬁsh embryos, Nodal pathway genes are expressed in the left side of the pineal anlage. Shortly
thereafter, a parapineal organ forms to the left of the pineal. The parapineal organ causes differences in
gene expression, neuropil density, and connectivity of the left and right habenula nuclei. In embryos that
have an open neural tube, such as embryos that are deﬁcient in Nodal signaling or the cell adhesion protein
N-cadherin, the left and right sides of the developing epithalamus remain separated from one another. We
ﬁnd that the brains of these embryos often become left isomerized: both sides of the brain develop
morphology and gene expression patterns that are characteristic of the left side. However, other aspects of
epithalamic development, such as differentiation of speciﬁc neuronal cell types, are intact. We propose that
there is a mechanism in embryos with closed neural tubes that prevents both sides from developing like
the left side. This mechanism fails when the two sides of the epithalamus are widely separated from one
another, suggesting that it is dependent upon a signaling protein with limited range.
& 2012 Elsevier Inc. All rights reserved.Introduction
Structural and functional asymmetries of the brain have long
been described in humans and other vertebrates. These asym-
metries are thought to be the result of the localization of
specialized functions to one side or the other. One of the best-
understood examples in humans is the localization of language
processing to the left hemisphere. This functional asymmetry
has been linked to a morphological asymmetry in the planum
temporale, a region in the temporal lobe of the cerebral cortex.
The morphological asymmetries in the planum temporale are
detectable as early as the third trimester of fetal life and
continue through adulthood (Preis et al., 1999). In normal adults,
the left planum temporale has a larger volume and cellular
differences such as a greater extent of myelination (Hugdahl,
2005; Steinmetz, 1996).
The zebraﬁsh epithalamus has several prominent left–right asym-
metries in neuroanatomy that are correlated with laterality in
behavior. In wild-type (WT) embryos, the ﬁrst known epithalamicll rights reserved.asymmetry is the expression of genes encoding components of the
Nodal signaling pathway, lefty1 (lft1), cyclops (cyc), and pitx2 in the left
side of the developing pineal complex (Concha et al., 2000; Liang
et al., 2000; Sampath et al., 1998). Cells in this anlage will give rise to
pineal gland, located at the dorsal midline of the brain, and the
parapineal organ, located to the left of the pineal (Concha et al., 2003;
Gamse et al., 2003). The parapineal regulates the formation of
features that differ between the left and right habenular nuclei,
including higher neuropil density and expression of the potassium
channel tetramerisation domain containing 12.1 (kctd12.1) gene on the
left side and higher kctd12.2 expression on the right (Aizawa et al.,
2007; Gamse et al., 2003, 2005; Kuan et al., 2007a, 2007b). The left
and right habenula also develop different efferent connections. Axons
from the left habenula extend to the dorsal and ventral regions of the
interpeduncular nucleus (IPN) in the midbrain, while axons from the
right habenula extend only to the ventral region (Gamse et al., 2005).
The habenula and IPN have both been implicated in the regulation
of many behaviors including feeding, mating, and aversive learning,
suggesting that the morphological asymmetries in the zebraﬁsh brain
may be important for left–right differences in such behaviors (Bianco
and Wilson, 2009; Vallortigara et al., 1999). In zebraﬁsh and many
species of ﬁsh, birds, and frogs there is a tendency to use the left and
right eyes differently. The right eye is used preferentially when an
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and scenes (Andrew et al., 2009; Bianco and Wilson, 2009; Miklosi
and Andrew, 1999; Miklosi et al., 1997; Vallortigara et al., 1999).
Laterality in eye use is correlated with asymmetries in the epithala-
mus and IPN. The frequent situs inversus (fsi) line of zebraﬁsh has a
high rate of situs inversus in the epithalamus and the viscera (Barth
et al., 2005). Fish with reversed situs also had reversed eye use
behavior when viewing themselves in a mirror or when preparing to
bite a target (Barth et al., 2005). When WT ﬁsh with reversed
parapineal sidedness were placed into a tank with a mirror, they
had a delay in the onset of navigation around the tank and a decrease
in the total distance traveled within a given time (Facchin et al., 2009).
There are many features shared between the pathways that
establish the direction of asymmetry in the visceral organs and
asymmetry in the zebraﬁsh brain. Both asymmetries depend upon
the function of cilia that create a leftward ﬂow of ﬂuid across the
organizer during gastrulation and on the asymmetric expression of
Nodal pathway genes on the left side (Cooke, 2004; Schier, 2009). In
addition, midline tissue has a conserved role in maintaining asym-
metry by preventing left signals from crossing over to the right side.
In visceral asymmetry, midline ﬂoor plate and notochord form a
physical barrier and also express Lft, which inhibits Nodal signaling
by preventing binding of Nodal ligands to their receptors (Cooke,
2004; Schier, 2009). In the zebraﬁsh brain, lft1 is expressed through-
out the left pineal anlage, not exclusively in the midline, suggesting
it may not function as a barrier. However, as in visceral asymmetry,
when the mesendodermal structures beneath the developing neural
tube are defective, the ventral midline of the brain is disrupted and
genes that are normally on the left side are expressed bilaterally
(Bisgrove et al., 2000; Concha et al., 2000; Liang et al., 2000).
Interestingly, subsequent asymmetries in the parapineal and habe-
nular nuclei are still established, but the sidedness is randomized
between normal and reversed situs (Gamse et al., 2002, 2003). Less
is known about the role of the midline tissue in brain asymmetry. It
is not clear whether tissues such as midline mesendoderm act as a
molecular or physical barrier. Nor is it known whether this barrier
has selectivity for certain molecules.
We found that zebraﬁsh embryos with open anterior neural
tubes have a brain asymmetry phenotype that is distinct from either
WT embryos or embryos with defects in ventral midline tissues.
Both the left and right sides of the epithalamus developed char-
acteristics normally associated with the left side. As in embryos with
ventral midline defects, both sides of the pineal anlage expressed
Nodal pathway genes. However, instead of developing randomizedFig. 1. ﬂh is expressed in embryos with an open neural tube. In (A, E) WT and
(p, white arrowheads) form a single, oval domain that spans the dorsal midline (dott
embryos with mild open neural tube defects, the pineal precursors still span the dorsal
G, H) In sqt and cyc; sqt embryos with a severe open neural tube phenotypes, the pinea
brain. Dorsal views of the epithalamus in (A–D) live or (E–H) ﬁxed embryos, anteriorparapineal sidedness, a parapineal organ often developed on both
the right and left sides. Consistent with a role of the parapineal in
inﬂuencing habenular asymmetry, both the left and right habenulae
developed gene expression consistent with a left identity when a
parapineal formed on both sides of the brain. In contrast, other
aspects of epithalamic development, such as the differentiation of
speciﬁc cell types, appeared to be unaffected. This suggests that
there is a mechanism that normally prevents both sides of the
epithalamus from becoming left. When the left and right sides of the
epithalamus fail to meet, this signal can no longer function.
Comparison of embryos with a range of neural tube defects
demonstrates that the penetrance of the left isomerized phenotype
correlates with the distance between the left and right sides. This
suggests that preventing left isomerism depends upon an extra-
cellular signal that can only travel a discrete distance.Methods
Zebraﬁsh
Zebraﬁsh stocks were maintained at 28.5 1C in a 14:10
light:dark cycle according to standard procedures (Westerﬁeld,
2000). Stocks used were the WT strain Zebraﬁsh Danio rerio
(ZDR) (Aquatica Tropicals, Plant City, FL), ﬂh:GFPc162 (Gamse
et al., 2003); foxd3:GFPzf104 (Eichele et al., 2005; Gilmour et al.,
2002), n-cadherin (cdh2vu125 and cdh2p73) (Birely et al., 2005; von
der Hardt et al., 2007), one eyed pinhead (oepm134 and oeptz257)
(Brand et al., 1996; Schier et al., 1996), squint (sqtcz35) (Feldman
et al., 1998), and sqtcz35; cycm294 (Feldman et al., 1998). WT,
transgenic, and mutant embryos were obtained through natural
matings (Westerﬁeld, 2000). sqtcz35 and sqtcz35; cycm294 embryos
were raised at 33 1C for the ﬁrst 24 hpf to increase the pene-
trance of the open neural tube phenotype (Pei et al., 2007).
Whole mount in situ hybridization (WISH)
WISH was carried out as previously described (Thisse et al.,
1993). Antisense RNA probes included: serotonin N-acetyl trans-
ferase 2 (aanat2) (Gothilf et al., 1999), exorhodopsin (exorh) (Mano
et al., 1999), orthodenticle homeobox 5 (otx5) (Gamse et al., 2002),
pitx2 (Tsukui et al., 1999), crestin (Rubinstein et al., 2000), lefty1/
antivin (lft1/atv) (Thisse and Thisse, 1999), ﬂoating head (ﬂh)
(Talbot et al., 1995), kctd12.1/lov (Gamse et al., 2003), kctd12.2/(B, F) sqt mutant embryos with closed neural tubes, the pineal precursors
ed lines) separating the left (L) and right (R) sides of the epithalamus. (C) In sqt
midline of the brain, but the pineal anlage is elongated along the left–right axis. (D,
l precursors are present in two divided domains on the left and right sides of the
to the top. Scale bar¼20 mm.
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(Dufourcq et al., 2004).
Whole mount antibody staining
Whole mount antibody staining was performed as described
(Pierce et al., 2008). The 4D2 monoclonal antibody against the
N-terminus of bovine Rhodopsin was used at a dilution of 1:60 to
detect Exorh protein (Noche et al., 2011). Goat anti-mouse0%
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Fig. 2. Projection neuron and photoreceptor differentiation occurs in the pineal glands o
speciﬁc gene exorh is expressed in embryos with all three pineal phenotypes (n¼21
foxd3:GFP transgene expression and Exorh protein expression, and representative embry
and a divided pineal ((F), (I) and (L)) are shown. ((D)–(F)) are images of the foxd3:GF
overlays of the two expression patterns. Note that in ((J)–(L)), foxd3:GFP and Exorh are
primarily found in pineal projection neurons at this stage of development (n¼36 ova
expressing the foxd3:GFP transgene in an oval pattern (closed anterior neural tube), or e
at 48 hpf. All images are dorsal views, anterior to the top. Scale bars¼25 mm.antibody coupled to Alexa Fluor 546 (Invitrogen) was used at a
dilution of 1:2000. Rabbit anti-GFP antibody (Torrey Pines Bio-
labs) was used at a dilution of 1:500.
Photography
Bright ﬁeld and ﬂuorescent images were obtained on a SPOT
camera or a CoolSnap ES camera connected to a Nikon Eclipse 80i
microscope and on a Leica DM6000B microscope with a 20Xdivided 
divided
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elongated
other
lft1
mRNA
al Phenotype
                                   
f Lft1 overexpressing embryos with open neural tubes. ((A)–(C)) The photoreceptor
oval, n¼2 elongated, n¼6 divided). ((D)–(L)) Embryos were analyzed for both
os with an oval pineal ((D), (G) and (J)), with an elongated pineal ((E), (H) and (K)),
P expression, ((G)–(I)) are images of the Exorh immunostaining, and ((J)–(L)) are
expressed in distinct regions of the pineal, suggesting the foxd3:GFP transgene is
l, n¼4 elongated, n¼11 divided). (M) Percentage of lft1 mRNA injected embryos
longated or divided pattern (open neural tube). n4120 embryos. All embryos were
P.-N. Lu et al. / Developmental Biology 374 (2013) 333–344336objective. Confocal images were collected on a Zeiss/Perkin
Elmer RS-3 spinning disk confocal microscope with a 40X
oil-immersion objective and analyzed with Volocity software
(Improvision).
mRNA injections
Embryos from the ZDR and foxd3:GFP lines were injected with
0.63 pg to 5 pg of lft1 mRNA or GFP mRNA at the one cell stage
using a Harvard Apparatus PLI-90 nitrogen picoinjector. All
embryos with the same neural tube phenotype were pooled
regardless of the amount of mRNA injected.
Data analyses
For the experiments analyzing the relationship between pineal
width and left-right asymmetry, digital images with dorsal views of
the epithalamus were measured using ImageJ software. Pineal width
was measured from the most lateral points of the otx5 pineal
expression, regardless of whether the pineal was oval, elongated,
or divided. Pineal organs were considered elongated if their width
was longer than their length and their width was greater than the
upper 95% conﬁdence interval of WT pineal organ width (n¼46WT
pineal organs measured). Statistical analyses was performed using
Student t-tests and JMP 10.0 software.ZT 22
46 hpf  5
control
 mRNA
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Fig. 3. Rhythmic expression of aanat2 is initiated in pinealocytes of embryos with ope
indicated time points. (A) GFP mRNA injected control embryos with oval pineal gland
indicate pineals with high aanat2 expression; open arrowheads indicate pineals with lo
at ZT¼0 and lights turning off at ZT¼14. Dark bars indicate lights off and light bars indi
embryos with divided pineal. Scale bar¼25 mm.
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Fig. 4. The neural crest gene crestin is expressed in embryos with an open neural tube.
detecting ﬂh in the pineal with a red precipitate (not shown as it is out of the focal plan
purple precipitate. (A) In WT embryos, crestin is expressed in a large region next to rhom
at the borders of the folding neuroepithelium. ((B) and (C)) In sqt embryos with an open
experiment was repeated three times and representative images are shown. Embryos w
left. Scale bar¼50 mm.Results
Neural tube closure is not required for the differentiation of dorsal
neural tube cells
During embryonic development, the cells that will become the
brain start as a ﬂat neural plate epithelium. As development proceeds,
the neural plate folds to become the neural tube. As this occurs, cells
that are at the left and right edges of the neural plate converge until
they fuse at the dorsal midline. Our previous work demonstrated that
Nodal signaling is required for closure of the anterior neural tube in
zebraﬁsh (Aquilina-Beck et al., 2007). For instance, in WT embryos
and sqt mutants with closed neural tubes, pineal precursors start in
two domains that eventually fuse to form a single pineal anlage at the
dorsal midline of the epithalamus (Fig. 1A, B, E and F). In Nodal
signaling mutants with partially open neural tubes, the pineal anlage
in some cases still fuses but remains elongated along the left–right
axis (Fig. 1C). In embryos with more severe phenotypes, the pineal
cells remain divided in two domains (Fig. 1D, G and H).
We ﬁnd that cells within the pineal anlage still differentiate even
in embryos with severe open neural tube defects. Zebraﬁsh that lack
the Nodal signal Sqt have variable phenotypes, including neural tube
phenotypes that range from indistinguishable from WT to severe
(Aquilina-Beck et al., 2007). However, ﬂh, which encodes a tran-
scription factor for pinealocyte differentiation, is expressed at high
levels in severely affected sqt mutants and in cyc; sqt doubleZT 6 ZT 22
2 hpf 70 hpf
expression
lights
off 
ZT14
n neural tubes. Dorsal views of embryos raised in 14:10 h light:dark cycle ﬁxed at
s. (B) lft1 mRNA injected embryos with divided pineal glands. Closed arrowheads
w aanat2 expression. ZT indicates time within the circadian cycle, lights turning on
cate lights on. For each time point, nZ10 for embryos with oval shaped pineal and
ression
open neural tubeube
sqt sqt
sqt embryos with an open neural tube were identiﬁed by two-color WISH by ﬁrst
e of the image). The crestin signal in the neural crest cells was then detected via a
bomeres 4–6 (open arrowheads), and in two stripes of cells on the left right sides
neural tube, both regions of crestin are present, although they are further apart. The
ere ﬁxed at the 8–10 somite stage. All images are dorsal views with anterior to the
P.-N. Lu et al. / Developmental Biology 374 (2013) 333–344 337mutants, which have almost no Nodal signaling (Fig. 1D, G and H,
Supplemental Tables 1 and 2) (Aquilina-Beck et al., 2007).
Injections of the lft1mRNA, which encodes a Nodal inhibitor that
acts at the step of ligand binding, phenocopies Nodal signaling
mutants (Thisse and Thisse, 1999) (Supplemental Fig. 1). Consistent
with this, we ﬁnd that embryos overexpressing Lft1 have a high
frequency of open neural tube defects as well as other aspects of the
Nodal deﬁcient phenotype (Fig. 2) (Supplemental Fig. 1). We took
advantage of this injection method to produce large numbers of
embryos with open neural tubes for further analysis. We ﬁnd that
the pinealocytes in embryos with divided pineal organs initiate the
expression of cell type speciﬁc genes and proteins. The center of the
pineal organ is populated by photoreceptors that are responsible for
detecting changes in environmental light conditions and for entrain-
ing the pineal circadian clock (Cahill, 2002; Korf et al., 1998). These
photoreceptors form an oval shaped domain that is surrounded by
projection neurons that extend axons to the ventral brain (Fig. 2)
(Wilson and Easter, 1991). InWT embryos, control injected embryos,
and lft1 mRNA injected embryos with a single, oval shaped pineal,
the protein Exorh, which is the major photopigment expressed in
pineal photoreceptors, is expressed in the center domain of the
pineal corresponding to the photoreceptor end segments (Fig. 2G).
Similarly, the exorh mRNA is found in an oval shaped domain that
spans across the dorsal midline (Fig. 2A). In embryos with an open
neural tube, both Exorh protein and exorh mRNA are expressed in
either a pineal anlage that is expanded laterally or divided into two
widely spaced domains (Fig. 2C and I).Fig. 5. Left-sided gene expression in the developing pineal is disrupted when the neural tube
pineal anlage of a WT embryo. (B) WT expression pattern of lft1 and ﬂh in a sqt mutant with
neural tube. (D) Expression of lft1 and ﬂh in both the left and right sides of a sqt embryo with
developing pineal. (F) sqtmutant with a WT pattern of pitx2 expression. (G) Bilateral pitx2 ex
bilateral pitx2 expression and a divided pineal anlage. (I) Quantiﬁcation of lft1 and pitx2 exp
show lft1 or pitx2 gene expression because they were too young or too old are not included
ﬁxed at 26-somites stage and are shown in dorsal views with anterior to the top. The experimThe foxd3 gene is expressed in pineal projection neurons and
in some pineal photoreceptors. An overlay of foxd3:GFP and Exorh
immunostaining indicates that the majority of the foxd3:GFP
expressing area does not overlap with the Exorh expressing area,
suggesting that the foxd3:GFP transgene is primarily in projection
neurons at this stage of development (Fig. 2J–L). In lft1 mRNA
injected foxd3:GFP transgenic embryos, the GFP signal is detected
in an oval shaped domain typical of a normal pineal anlage, an
elongated domain or in two divided regions (Fig. 2D–F).
One of the main functions of the pineal organ is the rhythmic
biosynthesis of the hormone melatonin, which regulates daily rest-
activity rhythms (Cahill, 2002; Korf et al., 1998). In zebraﬁsh, onset
of rhythmic expression of the melatonin pathway gene aanat2
depends upon the activity of pineal photoreceptors (Gothilf et al.,
1999; Ziv and Gothilf, 2006; Ziv et al., 2005). In control mRNA
injected embryos raised in a normal 14:10 h light:dark cycle, aanat2
mRNA is expressed at low levels during the day and at high levels
during the night, mirroring the nocturnal rise in melatonin (Fig. 3)
(Gothilf et al., 1999). We ﬁnd that this rhythmic expression pattern
of aanat2 is preserved in embryos with open neural tubes, suggest-
ing that rhythmic function of the pineal has been initiated (Fig. 3).
Neural crest cells are another cell type likely affected by
disruption in neural tube closure. Speciﬁcation of neural crest
depends upon the convergence of Wnt signals from the epidermis
and Bone Morphogenetic Protein (BMP) signals from the dorsal
neural tube. In WT embryos at the 6 somite stage, crestin is highly
expressed in two rows of premigratory neural crest cells along thedoes not close. (A) Left sided expression of lft1 and bilateral expression of ﬂh in the left
a closed neural tube. (C) Bilateral lft1 and ﬂh expression in a sqt mutant with a closed
a divided pineal anlage. (E)WT embryo with pitx2 on the left and ﬂh on both sides of the
pression when the pineal anlage is elongated but not fully divided. (H) sqtmutant with
ression patterns in embryos with closed and open neural tubes. Embryos that did not
in the analysis. The midline of the brain is marked with dotted lines. All embryos were
ent was repeated three times and representative images are shown. Scale bar¼50 mm.
P.-N. Lu et al. / Developmental Biology 374 (2013) 333–344338developing hindbrain. During somitogenesis, the crestin expres-
sion domain gradually expands rostrally and caudally along the
left and right borders of the developing neural tube (Rubinstein
et al., 2000) (Fig. 4A). We ﬁnd that in sqt mutants with divided
pineal organs the two crestin expression domains still form,
including the concentrated groups of cells adjacent to rhombo-
meres 6 (Fig. 4). Consistent with the fact that the neural crest
derived cranial structures are severely disrupted in Nodal signal-
ing mutants, the neural crest cells at later stages are present, but
their arrangement is very different than in their WT siblings
(Supplemental Fig. 2).
The initiation of asymmetry in the epithalamus is disrupted when
the neural tube is open
Left-sided expression of cyc, lft1 and pitx2 in the presumptive
pineal organ during late somite stages is the earliest known left–
right asymmetry in the zebraﬁsh brain (Concha et al., 2000; Liang
et al., 2000). In sqt mutants with oval shaped pineals, indicating
closed neural tubes, both lft1 and pitx2 are most often expressed
bilaterally, with a smaller proportion of embryos having normal
left-sided expression (Fig. 5). The presence of two phenotypes
likely reﬂects the variability in sqt mutants, with left-sided
expression in embryos with normal ventral midline tissues and
bilateral expression in embryos that lack these tissues. In sqt
mutants with a divided pineal, the expression of lft1 and pitx2 is
almost always bilateral (n¼24/25) (Fig. 5D, H and I).
Parapineal organs often form on both sides of the epithalamus when
the neural tube does not close
The parapineal organ forms to the left of the pineal organ in many
teleost ﬁsh (Borg et al., 1983). The cells of the parapineal originate
from both sides of the pineal complex anlage, and migrate leftwarduninjected 
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Fig. 6. Both the left and right sides of the brain form a parapineal when the epithalamu
mRNA at the one to two cell stage. Injected embryos and their uninjected siblings wer
then assayed for gﬁ1.2 in the parapineal (pp, closed arrowheads) and ﬂh in the pineal (p,
GFP mRNA, and in lft1 mRNA injected embryos with oval shaped pineals, the parapin
injected embryos with divided pineal organs (not shown, as pineal is out of the focal p
sides of the brain, suggesting two parapineal organs have formed. (G) Graph of data rep
images are shown. nZ26 for each pineal phenotype. Dorsal views, anterior to the topaway from the pineal anlage shortly after the left-sided expression of
Nodal pathway genes (Concha et al., 2003; Gamse et al., 2003). We
ﬁnd that in WT, control mRNA injected embryos and Lft1 over-
expressing embryos, when the pineal organ is oval shaped, indicating
a closed neural tube, more than 80% of the ﬁsh have a single gﬁ1.2-
expressing parapineal to the left of the pineal organ (Fig. 6A–C and G).
In contrast, when the pineal is divided, the majority of embryos form
a parapineal on both the left and right sides of the brain (n¼19/27)
(Fig. 6D–F and G).
The Oep protein is a component of the Nodal receptor complex.
Although our previous study did not ﬁnd open neural tube defects in
oep mutants (Aquilina-Beck et al., 2007), we now ﬁnd they have
incomplete penetrance of the elongated and divided pineal pheno-
types (Supplemental Figs. 3 and 4). This open neural tube phenotype
is present at higher frequency in embryos carrying the null oeptz257
allele than in embryos carrying the hypomorphic oepm134 allele,
indicating it increases with decreasing levels of Nodal (Supplemen-
tal Fig. 3). Further, the bilateral formation of parapineal organs
occurs more often in oeptz257 mutants with a divided pineal than in
those with an elongated pineal (Supplemental Fig. 4).
We previously reported that Nodal pathway mutants exhibit
reductions in N-cadherin/Cdh2 expression and trafﬁcking (Aquilina-
Beck et al., 2007). Additionally, cdh2 mutants have neural tube
closure and pineal defects comparable to embryos with disrupted
Nodal signaling (Fig. 7) (Aquilina-Beck et al., 2007; Lele et al., 2002).
To characterize the left–right asymmetry phenotype in these
mutants, we used high resolution imaging of embryos carrying the
foxd3:GFP transgene at a stage when the GFP is expressed in both
the pineal and parapineal organs (Gamse et al., 2003). As expected,
in WT embryos and cdh2 mutants with a closed neural tube, the
pineal organ is oval shaped and ﬂanked on the left side by a single
parapineal organ (Fig. 7A and D). Approximately half of the cdh2
mutants with an open neural tube had a single parapineal organ and
half had two parapineal organs (Fig. 7G). Notably, in embryos with aANRmlortnoc lft1 mRNA 
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. Scale bar¼50 mm.
gfi 1.2/fl h
L l R
foxd3:GFP
oval divided with one parapineal organ divided with two parapineal organs
L l R
Pineal complex phenotypes
WT siblings cdh2 cdh2
oval oval divided
genotype:
pineal phenotype:
Pe
rc
en
ta
ge
 o
f e
m
br
yo
s
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
2 bilaterally located parapineal organs 
right sided parapineal organ 
medially located parapineal organ 
left sided parapineal organ 
Fig. 7. n-cadherin (cdh2vu125) mutants exhibit left-right asymmetry defects. ((A)–(C)) Confocal images of the immunoﬂuorescence labeling of foxd3:GFP positive embryos at
2 dpf. foxd3:GFP is expressed in the pineal and parapineal (white arrowheads) organs. Axonal projections from parapineal neurons are denoted with open arrowheads.
((D)–(F)) Two-color in situ hybridization showing parapineal cells expressing gﬁ1.2 (blue) and pineal cells expressing ﬂh (red) in 2 dpf embryos.
The dashed lines represent the embryonic midline. ((A) and (D)) WT embryos have a fused, oval pineal organ and a single left sided parapineal organ. ((B) and (E))
Approximately half of the cdh2 mutants with a divided pineal organ have only a single parapineal organ. ((C) and (F)) Approximately half of the cdh2 mutants with a
divided pineal organ have two bilaterally located parapineal organs. All images are dorsal views with representative images shown. All scale bars¼20 mm. (G) Graph of
parapineal placement in WT siblings (n¼261), cdh2 mutants with oval shaped pineal (n¼46) and cdh2 mutants with divided pineal (n¼114).
P.-N. Lu et al. / Developmental Biology 374 (2013) 333–344 339divided pineal and two parapineal organs, the parapineal cells still
send projections anteriorly, suggesting that these cells differentiate
as neurons regardless of their location (Fig. 7C).
To unambiguously distinguish between pineal and parapineal
cells, we used two-color in situ hybridization with the pineal gene
ﬂh and the parapineal gene gﬁ1.2 (Fig. 7D–F). The majority of cdh2
mutants exhibit a divided pineal phenotype (n¼114/160). In the
cdh2 mutants having a divided pineal phenotype, the left iso-
merized phenotype is less common than in embryos that lacked
Nodal signaling (41% for cdh2 versus 70% for Lft1 overexpressing
embryos). Also, a left-sided parapineal organ (n¼48/114) is
approximately as common as two, bilaterally located parapineal
organs (n¼47/114) (Fig. 7E–G). A minority of cdh2 mutant
embryos have an oval shaped pineal (n¼46/160), and in most
of these individuals the parapineal is left-sided (n¼39/46)(Fig. 7).
Habenulae are left isomerized when the neural tube is open
In normal embryos and embryos with reversed asymmetry, the
parapineal is always associated with the habenula nucleus with the
left characteristics of high neuropil density, higher kctd12.1 expres-
sion, and lower kctd12.2 expression (Concha et al., 2003; Gamse
et al., 2003). Further, when the parapineal is ablated, the habenula
develops a right sided pattern of gene expression on both sides,
indicating that they become right isomerized (Gamse et al., 2003).This suggests that the parapineal is responsible for producing left
identity in the adjacent habenula nucleus.
Consistent with this, we ﬁnd that embryos with open neural tubes
and bilateral parapineal organs often form habenular nuclei that are
left isomerized (Fig. 8, Supplemental Fig. 5). As in earlier studies, the
left-associated gene kctd12.1 is more highly expressed in the left
habenula and the right-associated gene kctd12.2 is more highly
expressed in the right habenula in the large majority (80%) of control
injected embryos (Figs. 8 and 9). The rate of reversed or abnormal
kctd12.1 expression is high in all groups, consistent with an earlier
study that foundWT embryos have a high rate of situs inversus in the
brain (Figs. 8 and 9) (Liang et al., 2000).
When the neural tube is open, both of the habenula nuclei have a
left pattern of high kctd12.1 expression at a high frequency (Fig. 8D
and G, Supplemental Fig. 5). In contrast, kctd12.2 expression level is
either extremely low or undetectable in the majority of embryos
(Fig. 9E, Supplemental Fig. 5). In addition, when lft1 mRNA injection
results in a divided pineal morphology, the average distance between
the left and right habenulae is signiﬁcantly increased (Fig. 8H).
Abnormal morphology and positioning of epithalamic tissues
In addition to the left isomerized phenotype, other aspects of
tissue morphology are also abnormal in embryos with open
neural tubes. Even when both sides of the brain are developing
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Fig. 8. kctd12.1 expression in the habenulae becomes bilateral when the neural tube does not close. foxd3:GFP embryos injected with GFP mRNA or lft1 mRNA and
uninjected siblings were sorted by the pineal phenotype, ﬁxed at 3 dpf, and then assayed for expression of kctd12.1 in the habenula nuclei. ((A)–(C)). When the pineal is
oval shaped, kctd12.1 expression pattern is higher on the left than on the right. ((D)–(F)) When the pineal is divided, the habenula can either have (D) high levels of kctd12.1
in both the left and right sides, (E) higher expression on the left, or (F) higher expression on the right. The image in F is a composite, as the two habenula were in different
focal planes. Closed arrowheads indicate the habenulae with higher level of kctd12.1 expression, open arrowheads the habenulae with lower kctd12.1 expression.
(G) Distribution of the kctd12.1 expression patterns in each group of embryos. The embryos categorized as ‘‘other’’ (o6%) had either a single kctd12.1 expression domain
near the midline or many small areas of kctd12.1 expression. nZ25 for each group. (H): The distance between the two habenulae measured at the points where they were
closest to each other. nZ13 for each group. Avg7standard deviation. po0.001 by single-factor ANOVA. A Tukey–Kramer test ﬁnds signiﬁcant differences between the
divided pineal group and all other groups beyond a 99% conﬁdence level. The experiment was repeated two times and representative images are shown. All images are
dorsal views, anterior to the top. Scale bar¼50 mm.
P.-N. Lu et al. / Developmental Biology 374 (2013) 333–344340with left characteristics, the left and right sides of the brain are
typically not mirror images of one another. For instance, the left
and right sides of the lft1 and pitx2 domains in the pineal anlage
often have different sizes and shapes, as do the left and right
habenula nuclei (Figs. 5 and 8, Supplemental Fig. 5).
Interestingly, Nodal and N-cadherin deﬁcient embryos with open
neural tubes both have mis-positioning of their parapineal organs, but
the defects are distinct between these two classes. The parapineal
organs were mapped into nine positional categories within and
around the left and right pineal domains (Fig. 10). In the Nodal
deﬁcient embryos, almost all parapineals (n¼15/16) are located in the
same anterior-posterior position as the pineal, while the left–right
position of the parapineal relative to the pineal is highly variable
(Fig. 10). In contrast, the parapineal staining in cdh2 mutants most
often overlaps with the anterior-most area of the pineal (n¼4/6)
(Fig. 10). This suggests that the anterior-posterior axis is more
disrupted in cdh2 mutants than in embryos that lack Nodal signaling.
Left isomerism correlates with severity of the open neural tube
phenotype
The percentage of embryos with the left isomerized phenotype is
incompletely penetrant in both cdh2 mutants and Nodal deﬁcient
embryos with open neural tubes (Figs. 6 and 7, Supplemental Fig. 4).
One possibility is that the left isomerized phenotype is dependent
upon the distance between the divided pineal anlage. To test thishypothesis, we grouped the embryos based on parapineal phenotypes
and measured the distance between the two most lateral points of
the pineal (Fig. 11). Pineal anlage were characterized as oval if their
width was in the range of WT pineals, as elongated if there was a
single domain that was wider than a normal pineal, and as divided if
there was more than one domain. We ﬁnd that the left isomerized
phenotype is correlated to the severity of the open neural tube. When
comparing embryos with open neural tubes, the pineal width of
embryos with two bilateral parapineals is signiﬁcantly greater than
the pineal width in embryos with one parapineal (po0.0001 when
Nodal deﬁcient embryos and cdh2 mutants are analyzed separately
and when both classes are analyzed together). This could also explain
the difference in penetrance of the left isomerized phenotype in
embryos that lack Nodal signaling versus those that lack N-cadherin
(Figs. 6 and 7). The penetrance of the left isomerized phenotype is
most likely lower in cdh2 mutants because more of these embryos
have a mild open neural tube phenotype.Discussion
Communication between the left and right sides of the brain is
required for development of left–right asymmetry
In this study, we ﬁnd that all three known left–right asym-
metric structures in the zebraﬁsh epithalamus, the pineal organ,
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when the anterior neural tube did not close (Fig. 12). Several cell
types that normally differentiate at the dorsal midline of the
brain, including pineal photoreceptors, pineal projection neurons,
cranial neural crest, parapineal cells, and the habenula nuclei still
expressed cell-type-speciﬁc genes and proteins. This suggests that
the changes in left–right asymmetry are not due to improper
speciﬁcation of dorsal cell types.
Comparison of embryos with different classes of asymmetry
defects leads to a model in which there is a signal that normally
prevents both sides of the brain from developing a left identity
(Fig. 12). For instance, embryos with anterior midline defects, such
as lack of prechordal plate mesendoderm, are initially left isomer-
ized. However, because the neural tube is closed, this signal is still
able to function, and one side of the brain develops as left and the
other as right (Fig. 12). In contrast, in embryos with open neural
tubes, this signal cannot function because the left and right sides are
separated. Consequently, both sides develop gene expression pat-
terns and morphology characteristic of the left side. This signal likely
functions before formation of the parapineal organ, as midline
defective mutants have switched from being left isomerized to
having asymmetry by this stage of development (Fig. 12).
Further, our data strongly suggest that the signal that prevents
left isomerism acts over a limited distance. The pineal widths of
embryos with the left isomerized phenotype were signiﬁcantly
greater than those of embryos with left–right asymmetry in their
epithalamus. This suggests the signal remains functional in
embryos with mild open neural tube defects, but begins to fail
when the distance between the left and right sides approaches
100 mm. One strong possibility is that the signal is mediated by a
secreted protein. This protein normally diffuses from the left to
the right side of the epithalamus and prevents the right side from
developing left characteristics (Fig. 12).
Although we cannot rule out other proteins, the Nodal inhi-
bitor Lft1 itself is a good candidate to be this signal. In WT
embryos, both Cyc and Lft1 are produced on the left side of the
pineal anlage and then secreted (Liang et al., 2000). Cyc is able todiffuse only a few cell diameters (Chen and Schier, 2001, 2002;
Muller et al., 2012), and so would remain largely conﬁned to the
left side of the pineal anlage. In contrast, Lft1 is able to diffuse
over many cell diameters (Chen and Schier, 2001, 2002). Any Cyc
activity that enters the right side in a normal embryo would be
quickly repressed by the more efﬁciently diffusing Lft1.
In other areas of the embryo, including in development
of left–right asymmetry of the visceral organs, Nodal and Lft
proteins act in a reaction–diffusion mechanism to generate pattern
(Chen and Schier, 2001, 2002; Meinhardt, 2008; Muller et al., 2012;
Nakamura et al., 2006). It is possible that a reaction–diffusion
mechanism also establishes the left–right axis in the zebraﬁsh brain.
In a classical reaction–diffusion mechanism, differences are created
between adjacent regions of the embryo by a group of cells
producing both a slowly diffusing morphogen and a faster diffusing
inhibitor (Gierer and Meinhardt, 1972; Meinhardt, 2008; Turing,
1990). An essential component to this model is that both the
morphogen and the inhibitor are positively regulated by the activity
of the morphogen. This ﬁts well with the expression of the cyc and
lft1 genes, which are both activated by Cyc signaling. In particular, if
Cyc acts as this morphogen and Lft1 as this inhibitor, such a
reaction–diffusion interaction could explain why embryos with
midline defects eventually develop asymmetry. In embryos with
midline defects, Cyc and Lft1 are produced on both sides of the
pineal anlage (Fig. 12) (Concha et al., 2000; Liang et al., 2000). If one
side starts to express slightly more Cyc than the other side, this
difference will be ampliﬁed over time. On the side that starts with
slightly higher Cyc expression, Cyc activity will continue to increase
and Cyc levels will become higher than Lft1. This side will become
left. On the opposite side, Lft1 originating from both the left and
right will inactivate the lower levels of Cyc protein, and this side will
become right. This process would convert the initial left isomerism
into randomized asymmetry (Gierer and Meinhardt, 1972;
Meinhardt, 2008; Turing, 1990).
Although a secreted protein such as Lft1 is a good candidate for
the signal that prevents left isomerism, we cannot rule out other
possibilities. For instance, a contact-dependent mechanism, such as
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P.-N. Lu et al. / Developmental Biology 374 (2013) 333–344342cell adhesion or lateral inhibition that is propagated across the
epithalamus could also be involved in generating left–right asym-
metry. Consistent with this, N-cadherin-mediated adhesion is
reduced in all of the mutants we have analyzed. In the absence of
N-cadherin, many aspects of polarity in the neuroepithelium are
disrupted, including the oriented intercalation of cells in the neuroe-
pithelium and spatially oriented cell divisions (Hong and Brewster,
2006; Zigman et al., 2011). Lack of N-cadherin may cause an overall
lack of polarity in the neural tube that also affects left–right axis
formation.Comparison of Nodal and N-cadherin deﬁcient phenotypes
Our previous work suggested that severely decreased expres-
sion of N-cadherin is at least in part due to the open neural tube
phenotypes in Nodal signaling mutants (Aquilina-Beck et al.,
2007). Thus, it was not surprising that we found left isomerized
phenotypes in both classes of mutant embryos. Conversely, it is
also possible that they share left isomerized phenotypes because
loss of N-cadherin in some way decreases Nodal signaling.
However, this is less likely, as N-cadherin mutants lack thedefects that are present in embryos with only mild Nodal
deﬁciencies, such as cylopic eyes.
However, there are several differences in the phenotypes of
Nodal and N-cadherin deﬁcient embryos. First, the penetrance of
the left isomerized phenotype is lower in N-cadherin mutants
versus Nodal signaling mutants with open neural tubes. As dis-
cussed above, this difference is most likely due to the difference in
the severity of the open neural tube phenotype and the distance
between the left and right sides of the brain. The greater severity of
the open neural tube phenotype when Nodal signaling is absent
suggests that other proteins involved in neural tube development, in
addition to N-cadherin, are likely disrupted in the absence of Nodal
signaling. Conversely, cdh2 mutants have anterior-posterior defects
in parapineal positioning that are not present in Nodal deﬁcient
embryos. This suggests that N-cadherin is involved in pathways that
do not intersect with Nodal signaling.
Differentiation of dorsal cell fates in neuroepithelium persisted
in embryos with neural tube defects
Our results demonstrated that pineal and neural crest cells
differentiate even in embryos with severe open neural tube
phenotypes. The dorsal neural tube is the source of many
morphogens such as Bone Morphogenic Protein 4, which sets up
the dorsal ventral axis of the neural tube, and Wnts, which are
involved in specifying neural crest cells. Thus, it is somewhat
surprising that differentiation of dorsal cell types is so normal.
However, this ﬁnding is consistent with the fact that expression
of the transcription factor ﬂh, which is required for the differ-
entiation of both pineal photoreceptors and projection neurons, is
expressed in mutants that lack Nodal signaling (Masai et al.,
1997). In addition, wnt1 is expressed in the dorsal cells of
embryos with open neural tubes (Aquilina-Beck et al., 2007;
Lele et al., 2002).
Our results also demonstrated that initiation of pineal rhythmic
function occurs in embryos with open anterior neural tubes. In
mammals, the pineal organ is not directly light sensitive. Instead,
environmental lighting conditions are detected by retinal ganglion
cells that reset circadian rhythms within the suprachaismatic
or
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Fig. 12. Model for laterality in the zebraﬁsh epithalamus. In WT embryos, left–right asymmetry is ﬁrst apparent in the left-sided expression of the Nodal pathway genes
cyc, lft1, and pitx2 in the pineal anlage. Subsequently, the parapineal is formed on the left side of the brain, adjacent to the pineal anlage. The left sided position of the
parapineal then causes differences between the underlying habenula nuclei, such as the more extensive expression of kctd12.1 in the left habenula. In embryos with
midline defects, the expression of cyc, lft1, and pitx2 becomes bilateral. Despite this, the parapineal and habenula still develop left–right asymmetry, although some of the
embryos have normal situs and some have situs inversus. Thus suggests that there is an inhibitory factor that prevents both sides from becoming left. In embryos with an
open neural tube, all asymmetries in the epithalamus become left isomerized, suggesting that the inhibitory signal that prevents both sides from developing a left
morphology is not functional.
P.-N. Lu et al. / Developmental Biology 374 (2013) 333–344 343nucleus (SCN) in the hypothalamus. The SCN controls rhythms in
the pineal through a multisynaptic pathway. In contrast, rhythms
in the zebraﬁsh pineal are likely started by the detection of a dark-
to-light transition by pineal photoreceptors. Pineal rhythms initiate
in embryos that lack eyes or an SCN, but not in embryos that lack
expression of the light sensitive pineal protein Period2 (Kennedy
et al., 2004; Noche et al., 2011; Ziv and Gothilf, 2006; Ziv et al.,
2005). Thus, our ﬁnding that rhythmic gene expression in the
pineal are present suggests that the differentiated photoreceptors
are functional in embryos with open anterior neural tubes.Acknowledgments
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